Small-cell lung cancer (SCLC) is an aggressive cancer with high metastatic ability and novel strategies against the metastasis are urgently needed to improve SCLC treatment. However, the mechanism of metastasis of SCLC remains largely to be elucidated. For further studies of SCLC metastasis, we developed a new orthotopic transplantation model in mice. We established a GFP-labeled subline from the human SCLC cell line DMS273 and transplanted them orthotopically into the lung of nude mice with Matrigel. The GFP-labeled cells showed significant metastatic activity and formed metastatic foci in distant tissues such as bone, kidney, and brain, as observed in SCLC patients. From a bone metastasis focus of the mouse, we isolated another subline, termed G3H, with enhanced metastatic potential and higher hepatocyte growth factor (HGF) expression than the parental line. Further studies indicated that the HGF ⁄ MET signaling pathway was involved in in vitro motility and invasion activities of the G3H cells and treatments with MET inhibitors decreased formation of distant metastases in our orthotopic model using G3H cells. These data indicated that our model mimics the clinical aspect of SCLC such as metastatic tropism and autocrine of HGF ⁄ MET signaling. Compared with other orthotopic SCLC models, our model has a superior ability to form distant metastases. Therefore, our model will provide a valuable tool for the study of SCLC metastasis. S mall-cell lung cancer (SCLC) accounts for 10-20% of lung cancer cases and is found almost exclusively in smokers.
S mall-cell lung cancer (SCLC) accounts for 10-20% of lung cancer cases and is found almost exclusively in smokers.
(1) Small-cell lung cancer is histologically distinct from all other forms of lung cancer, collectively known as non-small-cell lung cancer, (2) and can be classified into two subtypes based on histological features and gene expression profile: classic (approximately 70% of total SCLC) or variant (approximately 30%). (3, 4) The abilities to develop resistance against chemotherapies and to form early and widespread metastases are responsible for the high malignancy of SCLC. As a result, the overall survival of SCLC at 5 years has been 5-10% over the last several decades. (5) Hence, development of novel strategies against SCLC, especially targeting metastasis, is urgently needed.
The receptor tyrosine kinase MET is the receptor for HGF, and activation of the HGF ⁄ MET signal is involved in cell proliferation, survival, and motility. (6) Constitutive activation of this signal is often observed in many tumors. In SCLC patients, mutation of MET, (7) elevation of serum HGF levels, (8, 9) autocrine ⁄ paracrine regulation of HGF ⁄ MET signal, (10) and association of MET phosphorylation with worse prognosis (11) have been reported. Moreover, an in vitro study showed that motility of SCLC cells was enhanced by ligand stimulation with HGF through MET. (12) Together this indicates that the HGF ⁄ MET signal plays important roles in SCLC biology.
Although significant roles of the HGF ⁄ MET signal in SCLC have been observed, understanding the molecular mechanism of metastasis of SCLC, which is important for the development of an effective treatment, remains to be elucidated. Tumor metastasis is a complex phenomenon and consists of many steps that involve interactions of tumor cells with the microenvironment in the primary tumor tissues and metastatic foci. (13) Xenograft models constructed by orthotopic transplantation of human tumor cells into immunodeficient mice have been recognized as useful tools for the study of metastasis, because orthotopic transplantation can mimic the original primary tumor microenvironment. (14, 15) Here, we found that GFP-labelled sublines of the human SCLC cell line DMS273 had significant metastatic activity when the cells were orthotopically implanted. Using these cells, we successfully developed a new orthotopic transplantation model of SCLC metastasis and examined the role of the HGF ⁄ MET signal in our model.
Materials and Methods
Animal experiments. Female BALB ⁄ c nude mice, 5 weeks old, were obtained from Charles River Japan (Kanagawa, Japan). Mice aged 8 weeks were used for the in vivo metastasis assay. A total of 1.33 9 10 8 GFP-labelled DMS273 cells (DMS273-GFP or G3H cells) were suspended in 0.8 mL BD Matrigel Growth Factor Reduced (Becton, Dickinson & Company, Tokyo, Japan):DMEM (5:3) solution. Before injection, mice were anesthetized with pentobarbital and a 1.5-cm-long incision was made in the skin on their left side. A total of 20 lL suspension (containing 1 9 10 cells) was injected into the left lung of nude mice using a 30-gauge needle between the third and fourth ribs. The wound was then blocked up with surgical clips. After the indicated periods, the mice were killed and the Olympus OV110 Small Animal Imaging System (Olympus Corp., Tokyo, Japan) was used for imaging orthotopic and ) were injected into the left lung of nude mice. Mice were killed when they became moribund, and orthotopic and metastatic tumor formations were assessed by GFP fluorescence. Exp., experiment. metastatic tumor formations. The length (L) and width (W) of the orthotopic tumor measured by calipers and the tumor volume (TV) was calculated using the formula: TV = (L 9 W 2 ) ⁄ 2. Statistical analysis. Results are presented as mean AE SD. Significance of the differences between means was assessed using Student's t-test for in vitro experiments and orthotopic tumor formation, and using Fisher's exact test for distant metastatic formation. Differences were considered statistically significant at P < 0.05.
Other methods. Cell lines, reagents, conditioned medium (CM), in vitro growth rates ⁄ chemosensitivity, in vitro motility ⁄ invasion assay, real-time PCR analysis, Western blot analysis, cytokine array analysis and ELISA, drug treatments for animals, and histopathological study are described in Document S1.
Results
Development of a new orthotopic SCLC metastasis model. We previously implanted a GFP-labelled subline of the human variant SCLC cell line DMS273 (DMS273-GFP cells) orthotopically into the left lung of nude mice and found that the cells showed significant metastatic activity (data not shown). This finding led us to develop a new orthotopic SCLC metastasis model using these cells. After preliminary examinations under various conditions, we found that after inoculation of 1 9 10 6 cells of DMS273-GFP suspended with Matrigel, over 90% of the inoculated animals developed tumors at the injected site and over 40% showed metastases after 20-40 days of injection ( Table 1 ). The metastatic organs of the cells were similar to SCLC patients, and included bone, brain, and lymph node (Table 1) . To obtain highly metastatic variants, we recovered the tumor cells from a bone metastasis of our model, cultured the cells in vitro and cloned several sublines (Fig. 1a) . One of the sublines, termed G3H, showed enhanced metastatic activity (>60% of inoculated animals had metastases) with nearly the same metastatic tropism of the parental line ( Fig. 2a-j , Table 1 ). Using immunohistological analysis, we confirmed that the cells in the formed tumor at the orthotopic transplantation site and the distant metastatic sites were GFP-positive ( Fig. 2k-v) , and that a large part of the cells in the orthotopic site and the bone metastatic site were Ki67-positive (Fig. S1a, b). We also detected expression of the neuroendocrine marker secretogranin II, which is often observed in SCLC, in the orthotopic tumor (Fig. S1c,d ). In addition, we analyzed the differences in angiogenesis (CD31), lymphangiogenesis (LYVE1), and stromal reaction (aSMA) between the orthotopic tumors of DMS273-GFP and G3H cells, but we did not observed any significant differences (Fig. S2 ). These findings showed that the GFP-labelled subline of DMS273 exhibited the potential to form both orthotopic primary tumor and metastasis to distant organs in nude mice.
Next we investigated the in vitro characteristics of the DMS273-GFP parental line and highly metastatic subline G3H. Phase-contrast microscopy revealed that G3H cells had similar morphology to the parental DMS273-GFP cells (Fig. 1b) . No significant differences were observed in in vitro cell growth rates between G3H and parental DMS273-GFP cells (Fig. 1c) or in in vitro motility and invasion assays using Transwell chambers (data not shown).
Effect of cisplatin treatment in orthotopic model of SCLC metastasis. We next tested the antitumor effect of cisplatin, which is used as first-line treatment for SCLC.
(1) In vitro cytotoxic assays showed that both G3H and parental DMS273-GFP cells had cisplatin sensitivity similar to the human gastric cancer cell line MKN45, and their IC 50 values were approximately 0.5 lg ⁄ mL in 72-h treatment experiments (Fig. 1d) . This result is consistent with previous data showing that both DMS273 and MKN45 exhibited an average sensitivity to cisplatin in the JFCR39 cancer cell line panel. (16) We next carried out in vivo orthotopic experiments and treated mice with cisplatin at doses of 1.25 or 5 mg ⁄ kg once a week. Compared with the vehicle-treated group, mice treated with 1.25 or 5 mg ⁄ kg cisplatin had 35% and 45% reduction in orthotopic tumor formation, respectively (not statistically significant) (Fig. 1e) . Interestingly, distant metastatic formation in our model was significantly decreased with cisplatin treatment at both doses (P < 0.05) (Fig. 1f) . These results suggest that our model was useful for the assessment of antimetastatic efficacy of antitumor compounds.
Higher expression of HGF in metastatic subline G3H. Tumor cells secrete cytokines that affect tumor growth and metastasis. Thus, we carried out an analysis of the CM of DMS273-GFP and G3H cells using a human cytokine antibody array. Both cell lines produced interleukin-8, monocyte chemotactic protein-1, granulocyte ⁄ macrophage colony-stimulating fac- tor, insulin-like growth factor-binding protein-2, and HGF (Fig. 3a) . Interestingly, real-time RT-PCR analysis and ELISA revealed that G3H showed higher expressions of both HGF mRNA and protein than DMS273-GFP cells (Fig. 3b,c) , indicating that the bone metastasis-derived G3H cells have an increased HGF expression level compared with the parental line.
Hepatocyte growth factor ⁄ MET signal in metastatic subline G3H. As the HGF ⁄ MET signal is involved in cellular motility and invasion in various cancers including SCLC, (6, 12) we further evaluated the HGF ⁄ MET signal in G3H cells. MET protein, a natural receptor for HGF, was detected in both DMS273-GFP and G3H cells by immunoblot analysis (Fig. 3d) . MET protein levels in DMS273-GFP and G3H cells were significantly lower than that in prostate cancer PC-3 cells. MET is activated by binding with its ligand HGF at the cell surface, upon which MET is autophosphorylated on its intracellular domain. In normal culture conditions (DMEM containing 10% FBS), a certain basal MET phosphorylation (at the autophosphorylation sites Tyr1234 ⁄ 1235) was observed in G3H cells (Fig. 3e) . Treatment of G3H cells with recombinant human HGF in 10% FBS medium significantly induced autophosphorylation of MET (Fig. 3e) . Both basal level and recombinant HGF-induced MET phosphorylation disappeared after treatment with anti-HGF neutralizing antibody (Fig. 3e) . These results indicated that MET is functional in G3H cells, and that cells are sensitive to HGF.
Next, we determined whether HGF secreted from G3H cells was functional. Treatment with CM of G3H cells induced slightly higher levels of MET phosphorylation in G3H cells compared with 10% FBS, and this induction was cancelled by treatment with anti-HGF neutralizing antibody (Fig. 3e) . We also found that the MET protein level was higher (Fig. 3d) and HGF was remarkably lower in human prostate cancer PC-3 cells compared with G3H cells (Fig. 3b,c) . In PC-3 cells, basal MET phosphorylation in medium containing 10% FBS was very low, and both recombinant human HGF and CM of G3H cells strikingly induced MET phosphorylation (Fig. 3f) . These inductions of MET phosphorylation in PC-3 cells were cancelled by treatment with anti-HGF neutralizing antibody as in G3H cells (Fig. 3f) . These results indicated that G3H cells express functionally active HGF and MET, and suggested the existence of an autocrine activation of the HGF ⁄ MET signal in G3H cells.
Pharmacological evaluation of the role of HGF ⁄ MET inhibitor signal in the model. The above data prompted us to examine the effect of a highly specific MET inhibitor PHA665752 (11, 17) in our model, in vitro exposure of 0.2 lM PHA665752 completely inhibited both basal and HGF-induced MET phosphorylation in G3H cells (Fig. 4a) , indicating that PHA665752 is a potent inhibitor of MET in the cells. Both G3H and DMS273-GFP cells showed similar sensitivities to PHA665752 and their IC 50 values were approximately 2 lM in 72-h treatment experiments (Fig. 4b) . In contrast, the gastric cancer cell line MKN45, which harbors MET gene amplification and is METaddicted, (18) showed a severe sensitivity to PHA665752 with IC 50 values of approximately 50 nM (Fig. 4b) . As expected, the immunoblot experiments showed that MKN45 had extremely higher expression levels of phosphorylated MET (pY1234 ⁄ Y1235) and total MET protein than DMS273-GFP, G3H, and PC-3 cells (Fig. 3d) . These results suggest that DMS273-GFP and G3H cells were not MET-addicted, and that the HGF ⁄ MET signal was not essential for in vitro growth of these cells. We then examined the effect of PHA665752 on in vitro motility and invasion activities in G3H cells. PHA665752 at 0.2 lM significantly suppressed both the motility and invasion activities of G3H cells when the CM of G3H cells, containing functional HGF (Fig. 3) , was used as a chemoattractant (Fig. 4c) . The magnitude of this suppression was the same using the anti-HGF neutralizing antibody as the HGF ⁄ MET signal blocker (Fig. 4c) . These results indicated that HGF ⁄ MET is one of the important signal pathways for the in vitro motility and invasion activities of G3H cells and that PHA665752 has the ability to effectively inhibit these activities in G3H cells.
Based on our in vitro observations, we examined whether activation of the HGF ⁄ MET signal could be detected in tumors of our in vivo metastatic model. Immunohistological analysis showed that orthotopic tumors of G3H cells expressed HGF and MET and were positive for MET phosphorylation (pY1230 ⁄ Y1234 ⁄ Y1235) (Fig. 5a-e) . These results support the notion of an autocrine HGF ⁄ MET signal in our model as observed in SCLC patients.
Next, we investigated the efficacy of pharmacological inhibition of the HGF ⁄ MET signal in our in vivo orthotopic metastatic model using G3H cells. Three days of treatment per week with PHA665752 at a dose of 15 mg ⁄ kg did not affect orthotopic tumor formation but decreased metastatic formations compared with vehicle treatment (distant metastases incidence, P < 0.05) (Fig. 5f,g ). Additionally, we tested the in vivo effect of ARQ197, another MET inhibitor with microtubule inhibition activity. (19, 20) ARQ197 treatment (120 mg ⁄ kg, 5 days ⁄ week) also did not affect the orthotopic tumor formation but decreased the metastatic formations more effectively than PHA665752 treatment (distant metastases incidence, P < 0.05) (Fig. 5h,i) . Collectively, these data showed that the HGF ⁄ MET signal plays an important role in metastatic tumor formations in our model.
Discussion
We developed a new orthotopic model of SCLC metastasis using the GFP-labelled subline of the human SCLC cell line DMS273. In this model, metastases were detected in distant organs such as bone, kidney, and brain, similar to those observed in SCLC patients (Table 1) .
Several studies have reported orthotopic SCLC models with metastatic potential. Onn et al. (21) reported an orthotopic model using the SCLC cell line NCI-H69. In this model, metastases to right lung and lymph node were observed. Daniel et al. (22) showed that metastases in mediastinal lymph node were detected in their model using cell lines derived from a primary xenograft model. Isobe et al. (23) developed three orthotopic SCLC models and detected micrometastasis in many distant organs, but not in the brain. Jacoby et al. (24) observed metastases to distant organs, including the brain, in a hypoxiainducible factor-1a antagonist PX-478-treated group, but not in the drug-free group, in their model using the SCLC cell line NCI-H187. In our model, we detected macro-and micrometastases in the brain and other distant organs under drug-free conditions (Fig. 2, Table 1 ). Thus, distant metastases formation ability of our model is superior to that of other orthotopic SCLC models. DMS273 cells were established from cells in the pleural fluid of an SCLC patient and was classified as variant SCLC. (4, 25) Variant SCLC cells had a faster growth rate and higher metastatic potential in an experimental metastatic model than classic SCLC cells. (3, 26) These variant SCLC characteristics of DMS273 cells might be responsible for the aggressiveness of our model.
Many previous studies showed the importance of the HGF ⁄ MET signal in SCLC. (7) (8) (9) (10) (11) (12) In this study, we found that the cells used in our model expressed both HGF and MET (Fig. 3) , and that treatment with the MET inhibitor PHA665752 or anti-HGF neutralizing antibody significantly suppressed the in vitro migration and invasion activities of G3H cells using CM of G3H as a chemoattractant (Fig. 4) . In addition, the more aggressive subline G3H derived from a bone metastasis showed higher HGF expression than the parental line (Fig. 3) . We also detected HGF and MET expression in vivo and found that pharmacological inhibition of the HGF ⁄ MET signal suppressed distant metastases formation in our model using G3H cells (Fig. 5) . These data collectively showed that the HGF ⁄ MET signal plays a pivotal role in our model, at least in part through the autocrine regulation as observed in SCLC patients. Hence, in addition to metastatic tropism, our model also mimics the pivotal signal pathway of clinical SCLC and can be used for the validation of HGF ⁄ MET target therapies for SCLC.
Obtaining clinical specimens of SCLC is difficult, as SCLC is not usually amenable to surgical management. This is one of the obstructions for identifying molecular mechanisms involved in the tumor progression and metastasis of SCLC. Our model has the same aspects of SCLC patients and the advantage of brain metastatic potential. Therefore, our orthotopic model of SCLC metastasis provides a new effective tool for the study of SCLC biology and development of novel SCLC treatments.
